We isolated two yeast mutants that are temperature-sensitive for import of mitochondrial proteins. Each strain contains a single mutation that results in arrest of growth and accumulation of precursor to the f8 subunit of the mitochondrial Fl-ATPase after incubation at 37°C. These lesions (masi and mas2) are nonallelic and recessive. Cells harboring either mutation stop growing only after 2-3 generations at 37°C. Import of the F1 fl subunit at 37C is more than 250 times slower in masl and 15 times slower in mas2 than in wildtype cells. At 23°C, import occurs with si~ihar rates in mutant and wild-type cells. The two mutations also reduce the rate of import of other proteins; however, import of different precursors is affected to different degrees in the two strains. The temperature-sensitive step in import in both masi and mas2 occurs before arrival of precursors in the mitochondrial matrix.
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A central feature of mitochondrial assembly is the import of mitochondrial proteins from their site of synthesis in the extramitochondrial cytoplasm (1) . Key steps in this import process have been identified by isotope-tracer studies with intact cells and by incubation of isolated mitochondria or mitochondrial subfractions with radiolabeled protein precursors synthesized in vitro (2, 3) . These approaches have revealed that most mitochondrial proteins are synthesized as precursors of larger molecular weight (2, 4) and that import involves: (i) specific interaction of precursors with the mitochondrial outer membrane (5, 6) , (ii) energy-dependent translocation of polypeptides across one or both mitochondrial membranes (7, 8) , and (iii) processing of the precursors by a matrix-localized protease (9) . Thus far, little is known about how this import pathway is regulated, and most of its molecular components remain to be identified or isolated.
Conditional yeast mutants have been an important tool for the dissection of many complex cellular phenomena such as the cell cycle (10) and the secretory pathway (11 days at 23TC. Tdmperature-sensitive mutants were identified by replica-plating the colonies onto two sets of YPD-agar plates and incubating these at 370C and 23TC, respectively. After 2-3 days, a second replica was prepared from the 370C plate, and the replica was again incubated at 37°C. Strains which grew on the 230C plate but not on the second 37°C replica were scored as temperature-sensitive mutants. Import mutants were identified by screening temperaturesensitive mutants for accumulation of the precursor to the 83 subunit of the Fl-ATPase after incubation at 37°C. Cells were picked from agar slants to 250 ,l of YPD-10 medium in 2.2-ml Eppendorf tubes and grown overnight with shaking at 23°C. One milliliter of YPD medium was then added, and the cultures were incubated for 7 hr at 37°C. Cells were lysed by addition of 160 ,ul of fresh 1.85 M NaOH/7.4% 2-mercaptoethanol to the total culture. This mixture was held on ice for 10 min, and protein was then precipitated by addition of 160 Al of 50% (wt/vol) trichloroacetic acid. After a further 10 min on ice, tubes were spun for 2 min in an Eppendorf centrifuge. Pellets were washed with 1.5 ml of ice-cold acetone, and proteins were extracted at 95°C for 4 20 -Al aliquots of cell incubation mixtures were added to 2 ml of 10% trichloroacetic acid. The precipitated proteins were collected on Whatman GF/A filters and washed with 10% trichloroacetic acid and absolute ethanol; their radioactivity was determined by liquid scintillation counting. Protein was extracted from the labeled cells as described above for the screening of mutants, except that proteins were solubilized in 0.5 ml of 5% NaDodSO4 after the wash with acetone. Published procedures were used for the immunoprecipitation of specific proteins (4) and analysis of these by NaDodSO4/ polyacrylamide gel electrophoresis (16) and fluorography (19) .
Genetic Analysis. at 230C. Labeling was stopped by addition of cycloheximide to 0.1 mg/ml, and incubations were continued at the same temperature as that used for preincubation and labeling. One-milliliter aliquots were removed periodically, and proteins were extracted from these samples as described in the text. The dissociated samples were subjected to immunoprecipitation with antiserum against mitochondrial F1 p subunit. The immunoprecipitates were analyzed by NaDodSO4/ 10%o polyacrylamide gel electrophoresis and fluorography. Fluorographs were quantified by spectrophotometric measurement of eluted silver grains (22) wt D in the progeny resulting from nine of the crosses. Two of these strains, which accumulate large amounts of precursor of the F1 83 subunit at 370C, were chosen for further characterization. These strains were termed masi and mas2 because a defect in mitochondrial protein import implies a defect in mitochondrial assembly.
Inheritance of the mutations responsible for precursor accumulation was analyzed by tetrad analysis after three or four back-crosses of the mutant strains to wild-type cells. The spores from 10 tetrads of masi and from seven tetrads of mas2 were tested for growth and precursor accumulation at 370C. The results of such an analysis are shown for two tetrads in Fig. 2 . Temperature-sensitive growth and accumulation of p-subunit precursor segregated in a 2:2 pattern in all tetrads analyzed from the two mutants, indicating that each of the traits is inherited as a single genetic factor. Furthermore, the two traits cosegregated in all tetrads, suggesting that a single lesion is responsible for both temperature-sensitive growth and precursor accumulation. Neither trait was detected in the diploid cells from which the tetrads had been derived; therefore, the mutations are recessive. Heterozygous diploids, formed by crossing the two mutant strains, grew normally at 370C; therefore, the mutations are nonallelic, defining two separate complementation groups. Homozygous diploids failed to grow at 37TC. Thus, masi and mas2 define two distinct genetic loci controlling accumulation of mitochondrial precursor polypeptides and growth.
After a shift to 370C, cell number in cultures of masi and mas2 increased 4-to 6-fold (Fig. 3) . This indicates that the cessation of growth occurs only after two to three generations at the nonpermissive temperature. Import of the F1 p-subunit precursor requires an energized mitochondrial inner membrane (2 6 . The rate-limiting step in import of cytochrome b2 is changed in mutant cells at 370C. Cells were grown, labeled, and chased as described in Fig. 4 , except that semisynthetic-lactate medium was used throughout and labeling was performed with [35S]methionine (40 juCi/ml; 1000 Ci/mmol). Immunoprecipitation of extracted, dissociated proteins was performed with antiserum against cytochrome b2. Proteins were analyzed as described in Fig. 4 occurred with a half-time of >160 min in masi and :10 min in mas2 cells (Fig. 4) . In wild-type cells, this process had a half-time of <40 sec. Thus, the import rate of the p-subunit precursor in masi and mas2 at 370C was decreased by 99.6% and 94%, respectively. At 230C, import of the B-subunit precursor occurred with a half-time of -2 min in masi, while the half-time in mas2 and in wild-type cells was -1 min. These rates were determined for cells grown and labeled in glucose-containing medium. The rate of import of the p-subunit precursor in the mutant strains at 370C was also greatly reduced from the wild-type rate when cells were grown and labeled on lactate-containing medium (data not shown).
The rate of import of the precursor of citrate synthase was also substantially reduced from the wild-type rate in masi at 370C (Fig. 5) . The import of this precursor was similarly inhibited in mas2 cells (data not shown). The lesions in masi and mas2 also affected the import of cytochrome b2 (Fig. 6 ). This protein is imported into the intermembrane space in two steps: it is first cleaved to an intermediate form by the matrix-localized protease and is then processed by a second protease (probably located in the intermembrane space) to its mature size (24) . In wild-type cells, the import and processing of the cytochrome b2 precursor to an intermediate form was so rapid at 370C that, after a pulse of 2 min, no precursor form was detected. In masi and mas2, however, a significant fraction of cytochrome b2 was still present as precursor at the end of the pulse. This indicates a change in the rate-limiting step for the import of this protein, even though the overall inhibition of import is much less marked than that found for the F1 p-subunit precursor. The rate of import of an unidentified 90-kDa polypeptide of the mitochondrial matrix was slightly reduced in masi but greatly lowered in mas2 cells (Fig. 7) .
The accumulation of precursors of mitochondrial proteins could be caused by a decreased activity of the matrix-localized processing protease. To examine this possibility, the chase of labeled F1 8-subunit precursor to the mature form was examined in the presence of carbonyl cyanide m-chlorophenylhydrazone (CCCP). This uncoupler of oxidative phosphorylation prevents translocation of precursors across the Wt mitochondrial inner membrane (2) but does not inhibit the matrix-localized protease (9) . CCCP blocked the chase of labeled precursor in both masi and mas2 cells (Fig. 8) , indicating that the mutations inhibit import at a step before the arrival of precursor in the matrix.
DISCUSSION
Our approach for isolating mutants in mitochondrial protein import was based on two assumptions: (i) import is an essential cellular process and (ii) a block in this process would result in the accumulation of precursors of some mitochondrial proteins. The first assumption was suggested by previous studies (25, 26) which demonstrated that inhibitors or mutations that deenergize mitochondria are lethal, even when cells do not depend on mitochondrial energy generation. The second assumption was based on the accumulation of large amounts of some mitochondrial precursors when import is blocked in rho-yeast cells by treatment with the uncoupler CCCP (18, 27) . The isolation of mutants in which a single mutation causes a temperature-sensitive block in growth as well as mitochondrial protein import further supports the idea that essential processes in the organelles and, hence, the assembly of mitochondria themselves are necessary for cellular growth. Furthermore, masi and mas2 cells display a delayed temperature-sensitive phenotype: growth stops only after 2-3 generations at 37TC (Fig. 3) . This is consistent with a dilution of preexisting mitochondria until they can no longer provide essential functions. Mutants in the biogenesis of other cellular structures may exhibit a similar phenotype.
The mutations in masi and mas2 are pleiotropic, inhibiting the import of at least several different polypeptides (Figs. 4-7) . Additionally, import of different precursors is inhibited differentially in the two strains: in masi the rate of import of the F1 p subunit is greatly reduced (Fig. 4) , while the import of the 90-kDa matrix polypeptide is inhibited slightly (Fig. 7) ; in mas2 import of F1 p subunit is also reduced from the wildtype rate but is more rapid than in masi (Fig. 4) , while the 7 . Import of a 90-kDa matrix polypeptide is inhibited in mas2 but not in masi cells. Cells were grown at 230C and incubated at 370C as described in Fig. 4 . The extracted cellular proteins were treated with antiserum prepared against the total mitochondrial matrix fraction, and the immunoprecipitate was analyzed as described in Fig. 4 except that Fig. 4 .
duced (Fig. 7 ). These differences could be explained by the existence of different import routes for different precursors or by affinity differences of various precursors for common elements of the import apparatus.
The accumulation of precursors of mitochondrial proteins might result from a lesion at a number of key steps in the import pathway. These steps include the interaction of a cytosolic factor with precursor or with the mitochondrial surface (28) (29) (30) , binding of the precursor to the mitochondrial outer membrane, translocation of the polypeptide across the membranes, and proteolytic processing of the precursor by the matrix-localized protease. The defects in masi and mas2 are unlikely to affect this last step, since accumulated, labeled precursors in these cells fail to chase into mature form in the presence of CCCP (Fig. 8) . The specific step affected in these mutants may be identified by in vitro assays for segments of the import process (3, 30) .
The mas mutants should facilitate the molecular analysis of mitochondrial protein import. They can be used to isolate known proteins of the import machinery, to clone the genes coding for these proteins, and to overproduce these components. Moreover, they might help to identify additional cellular components that are necessary for mitochondrial assembly.
